Pressure measurements synchronized with high-speed motion picture records of flame propagation have been made in a transparent piston engine. The data show that the initial expansion speed of the flame front is close to that of a laminar flame. As the flame expands, its speed rapidly accelerates to a quasi-steady value comparable with that of the turbulent velocity fluctuations in the unburned gas. During the quasi-steady propagation phase, a significant fraction of the gas behind the visible front is unburned. Final burnout of the charge may be approximated by an exponential decay in time.
I. INTRODUCTION
Within the last decade, the historically established empirical method of developing an internal combustion engine has been intensively and progressively complemented by the science of modeling [1] . The reasons for this change are found in two main problems of our present society: the environmental problem, with the new constraints of strict emission standards, and the fuel shortage problem, with the consequent rising costs of the primary energy sources and the demand for more efficient use.
The empirical method of development cannot handle, in an economical way, the complex problem of optimizing efficiency at acceptable power levels subject to the new, rigid environmental and energy constraints. The principal goal of engine modeling is to provide a better analytical method for treating this problem. But there is also a less pra~natic reason for developing models that has received more and more attention: the desire to understand the governing physical mechanisms of the processes occurring in a real operating engine.
The latter task is obviously of great difficulty, since it involves going beyond the state of the art in all thermal sciences: nonequilibrium thermodynamics, chemical kinetics, unsteady fluid dynamics and turbulence-all coupled in one problem.
A number of different approaches have been tried to solve the modeling problem, and their success depends on how the calculated results compare with experiments. It is well known that turbulence plays a fundamental role in the operation of a real engine. Mathematical theories have been proposed to deal with this problem [2] [3] [4] [5] [6] [7] [8] , but no established physical description of a turbulent flow is yet available. The physics of turbulent flame propagation is even less well understood [9] [10] [11] [12] [13] [14] [15] [16] . For these reasons, an attempt has been made in the present work to define quantities and obtain experimental estimates independently of physical models, so that the resulting experimental evidence may be used to test the assumptions of any physical model. The aim has been to extract experimental information on that maall but important portion of the whole operating cycle of the spark ignition engine where the combustion process takes place. This has been done by developing and applying a simple model independent method to analyze the data generated by coupling careful pressure measurements with high-speed photography of flame propagation [ 17] .
After a brief description of the experiment, the method is presented and the results discussed. In accordance with the declared aim of the present work, physical interpretation of the results is left for future work. An attempt to provide some physical interpretation of the results, in the context of current combustion research, has been made by the last author in a recent review paper [ 18] based in part on the present work.
EXPERIMENTAL APPARATUS AND MEASUREMENTS
The experiments were carried out on a single-cylinder transparent piston spark ignition engine [ 19] . Figure 1 shows a schematic diagram of the pistoncylinder system which allows optical access to the combustion chamber through the quartz piston window. The cylinder head is that used by Ford on the 400 CID V-8 engine. Because optical access is obtained through the piston, the original chamber and valve configuration could be preserved. Table 1 gives the details of the engine geometry and valve timing.
The purpose of the experiments was to obtain pressure measurements synchronized with photographic records of the flame profiles through each single engine combustion cycle. High-speed motion pictures were made with a Hycam Model K-2001-R rotating prism camera capable of taking up to 5000 frames per second. In order to increase flame luminosity, the mixture of isooctane and air was seeded with uniformly suspended salts, appropriately chosen not to affect flame propagation. The edge of the film was marked every 20 crank angle degrees by a neon light pulse synchronized to the flywheel. Such markers provide a means of associating a crank angle with each frame of the photographic sequence. The engine pressure was measured using a silicone-coated Kistler model 609A piezoelectric transducer and a model 504E charge amplifier the output of which was A/D converted by an on-line DEC-PDP11 digital computer storing one pressure value every crank angle degree.
The experimental procedure was the following. First, the engine was motored for a sufficiently long time to reach a completely steady state. Then, an electronic switching system was activated for the following sequence of operations: start the high-speed camera; wait for its speed to reach a threshold value; light the spark for 10-13 cycles, and simultaneously activate the pressure data acquisition system.
As a result of this procedure, the complete data set for each cycle of a run consists of synchronized records of the cylinder pressure and the flame profile as a function of crank angle. Table 2 summarizes the operating conditions of the seven runs for which complete data sets were obtained.
A typical sequence of pressure traces as a function of crank angle for the first 10 firing cycles of run 2 is shown in Fig. 2 . The "motored cycle" was obtained just prior to switching on the ignition. It provided both a useful reference curve and a check on the absolute calibration of the pressure transducer. Due to the absence of residual burned gases in the charge, the first cycle has a higher peak pressure and a shorter burning time than the subsequent cycles. Using the pressure ratio between the first and subsequent cycles and the thermodynamic analysis discussed later, the residual burned gas fraction fr was determined within an experimental error of -+10% to be 0.20 for all engine operating conditions and showed no cycle-to-cycle fluctuations. Although the cycles subsequent to the first show substantial cycle-to-cycle fluctuations in pressure, there is no evidence that the second cycle differs significantly from those following it, indicating that relaxation to steady state operation occurs within one cycle. In a normal engine, cycleto-cycle fluctuations of the magnitude shown in Fig. 2 would be considered excessive. However, in the present case, they provided useful information about the causes of this phenomenon which will be discussed later.
A typical photographic record of a propagating flame is shown in Fig. 3 . The spark is at the right edge of the field of view and the flame is propagating from right to left. The engine operating conditions for this cycle are given at the top of the figure and the pressure record is shown by curve 10 in Fig. 2 . The crank angle 0 and the ratio of the pressure p to the corresponding motored pressure Pm are given below each frame. The interval between frames is 1.9 crank angle degrees or 0.30 ms. Note that the spark occurred at a crank angle of -30 ° ATDC and that the first five frames during which the image was too weak to record satisfactorily have been omitted. It can be seen that the edge of the flame is reasonably well defined and similar in appearance to the edge of a cloud. It can also be seen that during the first few frames in which the flame front is clearly visible, the increase in pressure above the motored pressure is very small. Thus, optical observations provide a much better indication of the progress of flame propagation at early times than pressure measurements.
ANALYSIS OF EXPERIMENTAL DATA
To determine the interrelations between pressure rise, burning rate, and flame propagation rate, it is necessary to extract from the experimental data both the mass fraction of burned gas and the fraction of volume enflamed as functions of crank angle. The methods used for this purpose and some empirical correlations found are discussed in this section.
Mass Fraction Burned
The thermodynamic analysis used to calculate the mass fraction of burned gas from the pressure records is an improved version of that developed by Lavoie et al. [20] and includes the important effect of gases cycled in and out of crevices. At every instant, this analysis involves the following basic assumptions: (i) the total mass in the combustion chamber can be divided into a mass fraction burned, a mass fraction unburned, and a negligible fraction of reacting gas; (ii) the pressure is spatially uniform throughout the combustion chamber and the crevices; (iii) both unburned and burned gases obey the ideal gas equation of state; (iv) the composition of unburned gases is frozen; (v) the composition of burned gases is that of chemical equilibrium; (vi) unburned gases in the combustion chamber (excluding crevices and boundary layers) are compressed isentropically; (vii) gases in the crevices are at the wall temperature; and (viii) unburned gases flowing from the crevices into an enflamed region of the combustion chamber burn instantly. 
where the subscripts u and b denote unburned gas and burned gas, respectively. The mass and volume burned fractions are defined by
and Crank Angle-degrees respectively, and the mean burned and unburned gas densities by Pb = mb/Vb (5) and Pu = mJVu.
Heat loss was estimated using the correlation of Woschni [21] and mass loss to the crankcase was estimated using the equations for inviscid flow through the piston ring gap. Using the measurements of pressure as a function of crank angle and the data on engine geometry and operating conditions summarized in Tables 1 and 2 , the energy balance equation for the combustion chamber was solved to yield the mass fraction burned and all the other relevant thermodynamic properties of the gas mixture at each instant. It is of interest to note that the effect of gases cycled in and out of the crevice volume was considerably larger than that of either heat or mass loss.
The results of applying the thermodynamic analysis to the smoothed pressure curves for the first 5 cycles in Fig. 2 functions of crank angle. For burned mass fractions less than 0.002 the burning rates were too small to be measurable.
As previously noted, the charge for the first cycle contains no burned residual gas, and this is the cause of the significantly maaller "ignition delay" for this cycle. Subsequent cycles show substantial cycle-to-cycle fluctuations in both magnitude and shape of the burning rate curves, but again there is no evidence that the second cycle differs significantly from those following it. The final burning rates can be approximated by exponential decays having time constants r b varying from 0.6 to 1.0 ms, as given in the figure. Also given are the corresponding characteristic lengths Slrb obtained by multiplying rb by the laminar flame speed. Geometrical data to be discussed later show that the exponential burning phase occurs after all the charge in the combustion chamber has been fully entrained by the flame front. This strongly suggests the existence of unburned gas pockets entrained behind the flame front.
Flame Radius and Center
Using motion picture records of the type shown in Fig. 3 , Rashidi has made contour plots of the flame front profiles in successive frames for over 100 individual cycles covering the range of operating conditions given in Table 2 . A plot of this type, made from the photographs in Fig. 3 , is shown in Fig. 5a . It can be seen that due to the limited field of view a substantial part of the flame front profile was not observable.
To determine the effective flame center and radius, the method of least squares has been used to obtain "best fit" circles to the observable portion of the flame fronts. In making the fits, the radius of the circle and the position of the center are the parameters to be determined and the "best fit" circle is required to enclose the same area as the observed flame front. The coordinate system employed and an example of such a fit are shown in Fig. 5b . Figure 6 shows the "best fit" flame radius r~ and center radius r e as a function of crank angle for the first 5 cycles of Fig. 2 . The points (cycle numbers) correspond to individual frames of the motion pictures. The "edge of field" line shows the radius beyond which a portion of the flame front is out of the field of view. For flame radii less than "-4 mm the images were too weak for the edge to be clearly defined, while for flame radii greater than "30 mm the angle subtended by the observed flame front was too small to permit accurate determination of the radial position of the center.
It can be seen in Fig. 6a that the expansion speed of the flame front increases substantially during the first 20 mm of flame travel, approaching an approximately constant value with relatively little cycle-to-cycle variation (see also Section 4.2). On the other hand, the times required to reach the final speed show substantial cycle-to-cycle variations which are strongly correlated with the mass fraction-burned curves in Fig. 4 . It can also be seen in Fig. 6b that there can be substantial radial displacements of the flame center from the spark location, most of which occur before the flame has grown sufficiently to be clearly visible. Although this displacement shows large cycle-to-cycle variations, correlations with the curves in Fig. 6b or Fig. 4 are less apparent.
The motion of the flame center during flame propagation is further illustrated in Fig. 7a , where a typical plot of the displacement res of the flame center from the spark is shown as a function of flame radius rf. The data suggest that most of the displacement occurs when the flame radius is less than 10 mm and that for larger radii the position of the flame center stabilizes. A characteristic flame radius required for stabilization can be defined by the equation
where ~i e is the displacement of the stable center from the spark, (drcs/drf) s is the derivative of res with respect to rf at rf = 0, and (uduf) s is the ratio of the speed of the center to the expansion speed of the flame at rf = O. The definition of l¢ is illustrated geometrically in Fig. 7a , and a plot of the displacement 5 c as a function of the speed ratio (ue/uf) s is shown in Fig. 7b . The speed ratio was approximated by the expression (ue/uf) s ~-(rcs / r~)l, where (res/rf) 1 is the ratio of the flame center displacement to the flame radius for the first "best fit" circle. The value of I e determined by the "best" line through the data is l¢ = 5.7 -+ 1.0 mm.
A rough indication of the character of the velocity field in the vicinity of the spark plug at ignition can be obtained from Fig. 8 , which shows the azimuthal component re)~e of the flame center velocity plotted as a function of the radial component -~:e. The average values of the velocities for each run are shown along the axes. Large cycle-tocycle variations in both the magnitude and direction of the center velocity are apparent. There is also a clear indication of an inward "squish" velocity -re ~ 1.4 m/s due to the boss in which the spark plug is located and a net "swirl" velocity rex c ~ 1.0 m/s corresponding to Xc ~ 450 rpm. Since the inlet valve was unshrouded, the latter must be due to slight asymmetries of the intake port geometry.
Enflamed Volume
The flame geometry and coordinate system used to reconstruct the flame front in three dimensions are shown in Fig. 9a . It has been assumed that the geometrical characteristics of the flame front are well approximated by a spherical surface of radius r r with its center located at the same radial and angular position as the "best fit" circle, and at the same height as the spark.
Trajectories of the flame center and of the flame fronts propagating toward the near and far walls are illustrated in Fig. 9b . Because of the limited field of view, the crank angles O N and 0F at which the flame fronts reach the near and far walls had to be determined by extrapolation. Also shown in Fig. 9b is a typical gas "particle" trajectory. Due to the expansion of the gas during combustion, the unburned gas ahead of the flame front is pushed away from the front.
Some important geometrical properties of the flame are shown in 
CORRELATION OF PRESSURE
where h = V/Ap is the mean height of the combustion chamber, Ap is the area of the piston, r e is the position of the flame center, and r b is the radius of an ideal spherical surface, concentric with the flame front, containing all and only the burned gases;
(ii) the equivalent spherical burning area (iii) the equivalent laminar burning area
where s I is the laminar burning speed; (iv) the mean burned gas expansion speed ub = (a Vb/at)h/Ab =rb +-re ~ Vb/a-re, (13) where A e = Ae(r~, re, ×e) is the "shadow" area enclosed by the "best fit" circles through the leading edge of the flame front and L e = aae/Or I is the arc length of the "best fit" circles ( Figure 5b ).
It follows from Eqs. (10) and (12) that
It also follows from the mass conservation equation that rh = --rhuk --mbk G. P. BERETTA ET AL.
and from Eqs. (1), (2), (5), (6) 
(17)
Moreover, it follows from Eqs. (1)- (6) It can be seen in Fig. 1 la that following an ini- (14) tial sharp drop due to compression by the piston, Pu/Pb remains nearly constant over most of the burning range. This is an extremely useful property and simplifies the approximate analysis of combustion in spark ignition engines. (15) In particular, combining Eqs. (18) and (19) and 
for isentropic compression of the unburned gas outside the thermal boundary layer, we obtain where 7u = Cvu/Cvu is the specific heat ratio for the unburned gas, the subscript s denotes conditions at spark, and the superscript o denotes conditions outside the thermal boundary layer. If we now assume that for(p -Ps)/Ps "~ 1, heat and mass losses from the combustion chamber volume V (excluding crevices) are the same under firing and motoring conditions, then Eq. (2 la) reduces to
where P/Pm is the ratio of the firing and motoring pressures. The advantages of Eq. (21b) are that it is independent of crank angle, it does not require modeling of either heat or mass losses from the combustion chamber, and it is relatively insensitive to the value of ?u and the density ratio Pu/Pb. Eq.
(21 b) has been used to determine the initial values ofx b .
Flame Geometry
The burned gas volume fraction Yb and the enflamed volume fraction yf are shown as functions of the flame radius r r in Fig. (12a) for the first 5 cycles of Fig. 2 . The corresponding dimensionless laminar burning area a I = Al/TrRh and flame area af = A~/TrRh are shown in Fig. 12b . Discontinuities in the derivative of at occur at the points where the flame front touches first the piston face and then the near wall. It can be seen in Fig. 12a that during the rapid flame propagation phase (y~ ,~ 0.2), the value of y~ is significantly greater than Yb. It can also be seen in Fig. 12b that during this phase the laminar area exceeds the flame front area by almost a factor of 10. These observations together with the assumption (see Section 3.1) that the reacting mass fraction is negligible imply the existence of substantial pockets of unburned gas behind the leading edge of the visible flame. A plot of rf as a function of r b is shown in Fig.  13a . The difference (r~ -rb) is shown in Fig. 13b . The burned gas radius r b was determined from the burned gas volume fraction Yb using the measured values of the flame center radius r c and the curves in Fig. 10a . It can be seen that as r b ~ 0, r~ ~ r b. This suggests that entrainment of unburned gas behind the flame front is small during the early development of the flame. On the other hand, for r b .~ 30 mm, (rf -rb) ~ 6 mm and is approximately constant. This suggests that the entrainment and combustion rates have approximately balanced in a quasi-steady rapid propagation phase in which a substantial amount of unburned gases is steadily present behind the flame front.
An interesting comparison suggested by the data in Figs. 12 and 13 is shown in Fig. 14a , where the differences (.41 -Af) and (Vf -Vb) are plotted on a logarithmic scale as functions of r~. It can be seen that the two sets of points are remarkably Burned Gas Radius, rb, mm Florae Rodius,rf-mm 
Characteristic Speeds
The flame front expansion speeds uf calculated from Eq. (13) are shown as functions of the flame radius r s by the upper set of points in Fig. 15a for the first 5 cycles of Fig. 2 . Also shown are the corresponding burning speeds s b obtained from Eq. (17) using the approximation Ub -~ us (justified by the data in Fig. 13a ) and the laminar burning speeds sl measured by Metghalchi and Keck [22] for isooctane/air mixtures with residual burned gas fractions fr = 0 and 0.2. The difference between u b ~ uf and s b is the unburned gas speed ug just ahead of the flame front. Note that the ratio Us/s b decreases monotonically from a value equal to the expansion ratio Pu/Pb at 0s to a value of unity as the flame front approaches the far wall. It can be seen that although the values of s b are approximately the same for all cycles, the values of u s for the first cycle are somewhat higher than those for subsequent cycles. This is primarily due to the large value of the expansion ratio for the first cycle. It can also be seen that s b increases from a value close to s 1 to a value of order 10 times sl as rs increases from 0 to 50 mm. For r s 30 mm, s b is roughly proportional to x/-~-u. Fig. 15b shows the ratio sb/s 1 as a function of rs. By definition this ratio is also equal to the ratio A1/Ab of the laminar burning area to the spherical burning area. Note that the ratio sb/s: for large rt is significantly lower for the first cycle than for the following cycles due to the higher laminar burning speed of the charge for the first cycle. Also note that for rf ~ 30 mm, sb/sl is constant within the scatter of the data. Since for isentropic compression of the unburned gas s I ~-sls(pu/Os) °.4, this is consistent with the observation previously made that s b is proportional to V~u.
The values of u~*, Sb*, UT* = Sb* --Sl*, and r e* at the angle 0* of maximum burning rate (rf* 45 mm) are summarized in Table 3 for all runs listed in Table 2 . Also given are values of the parameters ufs and r~s obtained by making a least squares fit of the equation uf = u~s + rdrfs (22) to the measured expansions speed for r~ ~ 15 mm, where ufs is an extrapolated expansion speed at spark time and rfs a characteristic time describing the initial rapid increase in the expansion speed uf. For each entry of Table 3 , the first line gives the value for the first cycle and the second line the average value for all subsequent cycles along with the standard deviation of the cycle-to-cycle dispersion.
All of the quantities tabulated show cycle-tocycle dispersion of the order of -+10% or greater. Part of this is undoubtedly due to measurement errors, but most of it is felt to reflect the actual dispersion. The values of u~*, sb*, and u T* appear to increase with engine speed, while those for re* , Ufs, and rfs show no statistically significant trends. The only quantities for which the first cycle v, alues are significantly different from the averages for the subsequent cycles are uf* and ufs. In the case of uf*, the difference can be attributed largely to the difference in Pu/Pb as previously noted. In the case of ufs, the difference can be attributed to the difference in the laminar expansion speed Sl(Pu/Pb) for the first and subsequent cycles. The measured values agree well with the calculated values of 3.8 and 1.9 m/s given in Table 2 .
Burning and Propagation Angles
The most common method used to characterize mass fraction-burned curves of the type shown in Fig. 4a is to introduce a set of burning angles. One (3) 26 (3) 27 (3) 27 (3) 26 (3) 27 (3) 23 (3) 26 (2) a Asterisks indicate values at maximum burning rate x b. b Numbers in first row following a parameter are for first cycle. e Numbers in second row following a parameter are averages excluding first cycle; numbers in parentheses are standard deviations of points from averages.
way of defining these angles is shown graphically in Fig. 16 . The fast burning angle 0B may be defined as the angle required for a line drawn tangent to the mass fraction burned curve at the angle of maximum slope 0* to rise from x b = 0 to Xb = 1.
The burning delay angle OD is then the difference between the angle at which the same line intersects x b = 0 and the spark angle. The total burning angle iSOT =OD +0tl.
Flame radius curves of the type shown in Fig. 6 R+ re* can be characterized in a similar manner by a complementary set of angles 0D', 0a', and 0T'. These angles are also shown graphically in Fig. 16 . In this case, the fast propagation angle 0B' is defined as the angle required for a line drawn tangent to the flame radius curve at the angle of maximum burning rate 0* to rise from rf = 0 to re =R + re*. The propagation delay angle 0 D' is the difference between the angle at which the same line intersects rf = 0 and the spark angle. The total propagation angle is 0 T' = 0D' + 0B'. It follows from these definitions that 
Finally, substituting Eqs. (30) and (31) into Eqs. (28) and (29) 
xPb R+r e-rf (33) R + r c --r b
If it is also assumed, in agreement with the data in Fig. 13 , that ff* ~ fib*, then Eq. (27) can be combined with Eqs. (23)- (26) to obtain the relations (28) and (29) For (R + r e -rb) < rb, which is the case at maximum burning rate, (R + re -rb)ab ------0r/2)(V--vb), (30) and for Ou/Pb approximately constant as shown in A plot of 0a as a function of 0B' for all cycles is shown in Fig. 17a and a plot of the ratio 0B'/0 B as a function of re* is shown in Fig. 17b . The numbers refer to runs. It can be seen that, as expected, 0 B and 0 B' are strongly correlated and that the ratio 0B'/0 B is a relatively slowly varying function of re*. The curve in Fig. 17b was calculated using Eq. (32) and the curves in Fig. 10b . The agreement between the calculated curves and the experimental data is well within the combined systematic and statistical uncertainties.
A plot of 0 r as a function of OT' is shown in Fig. 18 . It can be seen that also 0T and 0 T' are strongly correlated and that 0 T ~ 0T'. The mean value of (0T --0T')/0B is 0.05, in good agreement with the value of 0.07 calculated from Eq. (33) .
A comparison of the parametric angles for the first and second cycles with the average values excluding the first cycle is given in Table 4 for all runs. Also shown are the values ofxb* at the angle 0* of maximum burning rate. No significant departure of the second-cycle values from the average values can be seen for any of the quantities tabulated. This indicates that relaxation to steady state operation occurred within one cycle. On the other hand, the first cycle values of all the angles tend to be somewhat smaller than the average values, suggesting that these quantities are affected by the residual burned gas fraction. There are no significant trends of any quantity in this table with engine speed or equivalence ratio.
TURBULENT BURNING EQUATIONS AND CORRELATIONS
The experimental results discussed above can be correlated by the following empirical set of differential equations:
where/x is a dummy variable with the dimensions of a mass, rb a characteristic time, and ua, a characteristic speed.
To complete this set of equations, a relationship between r f and rb is needed. The data in 
where (1) 28 (3) 22 (3) 24 (3) 23 (2) 25 (2) 26 (2) 24 (2) (3) 29 (5) 24 (4) 24 (4) 24 (4) 26 (7) 25 (5) 25 (2) o B' (4) 43 (4) 35 (4) 37 (3) 39 (4) 39 (5) 39 (4) 38 (3) (3) 56 (5) 46 (6) 48 (4) 47 (5) 41 (8) 51 (7) 49 (4) (3) 55 (5) 44 (4) 46 (3) 47 (5) 49 (6) 50 (5) 48 ( (7) 50 (6) 49 (7) 45 (8) 50 (7) 46 (7) 44 (7) 47 (3) a Numbers in first row following a parameter are for first cycle. b Numbers in second row following a parameter are for second cycles. e Numbers in third row following a parameter are averages excluding first cycle; numbers in parentheses are standard deviations of point from averages. is a characteristic turbulent flame thickness. It is noteworthy that this thickness is of the same magnitude as the characteristic flame radius l e [defined by Eq. (7)] at which the position of the flame center stabilizes.
Alternatively, Eqs. (34) and (35) 
_~ e -(t-tF)lrb. (40)
mbF These limiting expressions were suggested by the experimental data and were used in determining the form of the empirical burning equations (34) . For the purpose of interpreting the physical meaning of the proposed burning equations, it is noteworthy that the dummy variable/a defined by Eqs. (34) is related to previously defined quantities by the relations
However, in accordance with the aim of this work, the development of physical models to explain the present experimental observations will be left for future work.
Parameters of the Burning Equations
The burning equations (34) and (35) contain three parameters, Sl, UT, and/T, which in principle could be obtained from fundamental chemical kinetic and turbulence models but which in the present analysis were obtained from experimental measurements. The laminar flame speed sl can be measured using laboratory burners and constant volume bombs, and values are already available in the literature for a variety of practical fuels burning under enginelike conditions. Values for u T can be obtained from engine data of the type shown in Fig.  15 and Table 3 . Assuming quasi-steady state at 0", Eq. (38) yields u T ~ uT*. A plot ofuT* as a function of engine speed is shown in Fig. 19 . The enor bars show the standard deviations of the mean values for all cycles of a given run. The data are well correlated by the relations
where up = 2NS is the mean piston speed, ui = ev(Ap/Aiv)U p the mean inlet gas speed,N the engine speed, S the stroke, ev --0.95 the volumetric efficiency, Ap the piston area, and AIv the maximum open area of the inlet value. Equation (42) is in good agreement with the correlation s b = 0.22~ i found by Blizard and Keck [23] for the quasi-steady flame propagation phase. Measurements of uf and Sb have also been made by Mattavi et al. [24] and Groffand Matekunas [25] The standard deviation of the cycle-to-cycle fluctuations was approximately +20% and is shown by the representative error bar. Although the run-torun scatter is quite large, the points at various densities for a given run are fairly strongly correlated, suggesting that the scatter is not entirely due to data errors. To a first approximation lw ~ 2(ps/pu)a/4 mm.
The value of l r at spark and the trend with density given by Eq. (46) are in reasonable agreement with measurements reported by Namazian et al. [33] . These authors quote a value of l r " 1.8 mm for small Xb, and a value of I r ~ 0.5 mm for x b ~ 0.4 may be deducted from the curves in their Fig. 17 . Measurements of 1 r at spark have also been made by Blizard and Keck [23] , who obtained a correlation of the form
where Liv-is the maximum inlet valve lift and Pi is the inlet gas density. Although the density dependence of Eq. (47) (48)
SUMMARY AND CONCLUSIONS
Simultaneous pressure measurements and highspeed motion pictures of the visible flame in a spark ignition engine show that the initial flame front propagation speed is very close to that of a laminar flame for the same charge. As the flame grows, its speed increases rapidly to a quasi-steady value of order 10 times the laminar value. During the rapid quasi-steady propagation phase, a significant fraction of the gas entrained behind the visible flame front is unburned. The measurements also suggest that the final combustion phase can be approximated by an exponentially decreasing burning rate with a time constant of order 1 ms. Detailed analysis of the data has led to the development of a set of empirical differential equations that correlate well the experimental observations. The burning equations contain three parameters: the laminar burning speed of the charge sl, a characteristic speed UT, and a characteristic length l T. Measurements of Sl under enginelike conditions can be made in constant volume combustion bombs, and values for a number of common fuels are available. Values for uT and lT can be obtained from engine experiments, and preliminary correlations for relating these parameters to engine geometry and operating variables have been given. The data suggest that u T increases and l T decreases during compression of the unburned gas. For a given engine cycle, the parameters in the burning equations can be adjusted to fit the observed pressure curve. Cycle-to-cycle fluctuations in pressure can be caused by variations in any of the parameters sx, UT, and 1T. Variations in s I can be caused by incomplete mixing of the fresh charge with burned residual gas in the cylinder and by variations in the stoichiometry of the fresh charge. Variations in u T and l T are presumably associated with the statistical character of turbulence.
An additional parameter required to close the burning equations with a geometrical description of the enflamed region is the vector_r e giving the position of the apparent flame center. The nominal value of r e is determined by spark plug position, but convection of the flame kernel at early times during propagation can produce significant displacement. It is observed that substantial cycle-tocycle fluctuations can be caused by variations in the parameter r e . Variations in r e are presumably caused by convection of the initial flame kernel in the flow field near the spark plug. In this connection, it may be noted that a correlation between the pressure and the flow velocity -re near the spark has been observed in laser doppler measurements made by Cole and Swords [34] .
Although the proposed empirical burning equations provide a relatively simple and accurate method of predicting the observed burning rates in spark ignition engines, the range of engine geometries and operating variables investigated in this experiment is relatively small and needs to be considerably extended. In particular, systematic investigations over a wide range of engine speeds, spark angles, valve lifts, and compression ratios are needed to establish the proper correlations for u, r and lT. The origin of the cyclic variations in the values of st, UT, lT, and r e needs to be more closely examined, and correlations for relating their magnitudes to engine geometry and operating conditions need to be developed. The range of validity of the burning equations and their applicability, for example, to engines with significant swirl and squish also needs to be established. Finally, the experimental evidence presented and the proposed empirical equations need to be better understood in terms of the underlying physical mechanisms. 
